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Monitoring and understanding the effects 
of high salt concentration and residue on 
copper and aluminium corrosion 
Mike Yongjun Tan, Ying Huo and Li Shu 
1. INTRODUCTION 
Although corrosion of water distribution pipelines has been extensively studied over the 
past decades (American Water Works Association 1996), current and emerging changes 
in water treatment and desalination industries have introduced new issues in corrosion 
control. For instance the increasing use of chemicals such as chloramine as disinfectants 
in desalination and drinking water treatment has caused lead to leach from lead pipes 
and pinhole leaks in copper tubes. The effects of high salt concentration and residue on 
water, wastewater and desalination pipeline corrosion are also issues that have not been 
well understood. High salt concentration and solid salt residue are frequently encountered 
in water boiler pipes, desalination plants and water treatment pipeline environments, 
leading to complex forms of corrosion. For instance, salt residues can deposit on the 
internal walls of boiler tubes resulting in the failure of boiler tubes due to under-deposit 
corrosion (Howell 2006). Metal boilers and their ancillary facilities in sea-water 
desalination plants are often subjected to scaling, fouling and corrosion by the 
concentrated saline solution as well as its residue (Beltran 2006). The presence of high 
concentration salt solution and salt residue is believed to play an important role in the 
,corrosion behaviour and performance of water utility tubes and desalination pipes. If 
not monitored and controlled, corrosion can cause leaking of pipelines, as well as health 
land environmental hazardous levels of metal ions such as copper in drinking water. 
~n attractive option of managing corrosion in water utility tubes and desalination pipes 
LS to monitor the initiation and propagation of corrosion in selected sites of a water 
<listribution system. This can provide understanding of the performance of the system 
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and provide warning of corrosion problems. However corrosion testing and monitorin 
under highly-resistive and inhomogeneous salt deposit media is a technical difficul; 
Corrosion processes in such underdeposit conditions often have complex mechanisms 
leading to various forms of localised corrosion such as pitting, crevice and galvani~ 
corrosion. Localised corrosion damages in highly-resistive and inhomogeneous media 
are often hidden and concentrate on difficult-to-access areas. The prediction and 
prevention of localised corrosion are challenging issues in corrosion science and 
engineering; thus corrosion management relies heavily on expensive periodic time based 
routine inspections or ultrasonic thickness measurements (Tan 2010). 
2. TECHNIQUES FOR STUDYING AND MONITORING CORROSION UNDER SALT 
DEPOSITS 
Over the past several decades various corrosion testing and monitoring methods have 
been developed for the diagnosis of corrosion problems and for the forecast of maintenance 
requirement. Traditional methods used for corrosion testing and monitoring include weight-
loss coupon test, solution analysis, the detection of galvanic current, the measurement of 
electrical resistance and electrochemical measurements. Weight-loss corrosion coupon test 
is probably the most widely used method for detecting cumulative corrosion damages. A 
metal coupons is traditionally a piece of metal sheet cut into a predetermined size. A 
metal coupon of known metallurgy, size, shape and weight is exposed to a corrosive 
environment and is inspected for corrosion after a period of time (e.g. every 4 weeks). 
Visual inspection of the metal surface can often determine the sizes and shapes of corroded 
areas such as pits, while a more detailed examination of a corroded surface can be carried 
out through an optical and scanning electron microscope. Corroded products may be 
analysed by methods such as Scanning Electron Microscopy (SEM), Energy-Dispersive X-
ray Spectroscopy (EDS), X-ray Diffraction (XRD) and Infrared or Raman Spectroscopy. 
Corrosion coupons are an excellent source of corrosion information if monitoring is 
continuously maintained and results are well accumulated and documented. It is used to 
provide the base-line criteria in many corrosion monitoring programs; however weight-
loss coupon test has limitations, for instance it only provides average corrosion rates over 
extended periods and does not measure to possible shorter term deviations in corrosion 
rate and changes in corrosion mechanism (Tan 2010). Electrical resistance (ER) probe, often 
referred to as an 'intelligent' weight-loss coupon, is also used to assess general corrosion in 
highly-resistive and inhomogeneous media in many industrial applications. A limitation 
of ER methods is in the detection of localised corrosion because localised damages may 
not lead to significant changes in electric resistance, metal weight or ions concentration. 
Although there has been a significant development of ER technology in the form of the 
field signature method (FSM), limitations still exist in slow response to localised corrosion. 
FSM was reported to take one year to respond to 1 mpy corrosion rate (Joosten 1995). 
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Electrochemical techniques including corrosion potential measurement, linear polarisation 
resistance (LPR) and electrochemical impedance spectroscopy (EIS) have been successfully 
applied for the measurement of uniform corrosion in conductive media such as acidic 
solutions. For instance electrochemical potential measurements have been applied to 
monitor the condition of passive materials; the cyclic polarisation method has been used 
to determine localised corrosion susceptibility; and the LPR and EIS are used to measure 
instantaneous rates of uniform corrosion (Tan 2009). 
All these traditional electrochemical methods, in principle, should be applicable to corrosion 
testing and monitoring in highly-resistive and inhomogeneous media because of the 
common electrochemical nature of corrosion. However in practice electrochemical corrosion 
testing in highly resistive and inhomogeneous media such as underdeposit conditions can 
be very challenging due to several critical issues. The first issue is practical difficulties 
associated with the setup and maintenance of conventional two or three electrode cells for 
electrochemical testing of areas under solid deposits. In highly resistive and inhomogeneous 
media, even if electrical continuity between working, reference and auxiliary electrodes is 
carefully and successfully maintained significant IR potential drops and nonuniform 
polarisation current distribution problems can still cause significant uncertainties in data 
analysis (Mansfeld 1998). This issue makes it difficult to apply electrochemical methods 
such as LPR and cyclic polarisation to highly resistive media because of significant IR 
drops induced polarisation errors. The third issue is theoretical limitations associated with 
conventional electrochemical methods in simulating and measuring localised corrosion. 
In high resistance and inhomogeneous media, localised corrosion is often the key process 
triggering corrosion failure; conventional electrochemical methods have common 
limitations in measuring localised electrochemical thermodynamic and kinetic parameters 
because they are developed based on a uniform corrosion mechanism (Tan 2009). Relatively 
new methods such as scanning probe techniques have been developed into useful research 
tools for localised corrosion studies; however scanning probes are unable to scan corrosion 
occurring under solid salt deposits. Obviously successful corrosion testing in highly resistive 
and inhomogeneous media requires technological innovations that address these issues. 
Traditional research on metal corrosion in salt solutions as well as underdeposit conditions 
is usually carried out by visual, electron microscopic observations of corrosion coupon 
surfaces and simple electrochemical measurements using a traditional one-piece electrode. 
These techniques have difficulties in measuring localized corrosion that frequently occur 
in inhomogeneous media. During recent years various innovative experimental techniques 
'have been developed in order to address issues associated with corrosion testing and 
monitoring in highly resistive and inhomogeneous media. One such innovation is based 
i'!n an electrochemically integrated multi-electrode array namely the wire beam electrode 
(WBE) (Tan 2011). The WBE contains many addressable sensors that can measure 
electrochemical parameters from local areas of a WBE surface that is electrochemically-
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integrated by coupling all the wire terminals in the solid phase and by closely packing all 
the wires in the solid/ electrolyte interface. This electrochemical integration minimises the 
influence of the insulating layer on electron and ion movements and thus the working 
surface of a WBE effectively could simulate the electrochemical corrosion processes 
occurring on a conventional one-piece electrode surface (see Figure 1). Three characteristics 
make the WBE method particularly valuable for the investigation of corrosion in highly 
resistive and inhomogeneous media: (i) electrically coupled and close-packed arrays in 
the WBE enable effective interactions between local anodes and cathodes through ions 
exchange and electron movement. This is critically important for effective simulation of 
corrosion processes affecting localised corrosion evolution. (ii) The WBE measurement 
does not need to apply external polarisation, and thus conventional reference and counter 
electrodes are not essential. This effectively avoided IR drops and nonuniform polarisation 
current problems in WBE experiments. (iii) The WBE method can map corrosion potentials 
and galvanic currents on an instantaneous and continuous basis, providing spatial and 
temporal information on localised corrosion. 
Figure 1 shows an experimental setup where the WBE working surface is partially covered 
with sand and exposed to a brine solution to simulate underdeposit corrosion that is 
frequently observed in oil and gas pipelines where sand, debris, biofilm and carbonate 
deposit are present. In this experimental setup the WBE has been applied for simulating 
UDC process and mechanism and also for measuring corrosion parameters and patterns 
through the detection of galvanic current and corrosion potential distributions over the 
WBE surface (Tan 2011). This method has been applied in a new approach for monitoring 
water pipe corrosion under solid salt deposits and for understanding corrosion performance 
of selected plumbing materials copper and aluminium (Hou 2013). 
3. EXPERIMENTAL 
Traditional laboratory methods of testing corrosion in pipes involve using flat metal 
coupons. For instance, Lytle et al studied corrosion on copper coupons that have suffered 
pitting corrosion in a drinking water distribution system using analytical techniques 
including XRD, SEM and EDAX analysed (Lytle 2010). 
Flat corrosion coupons are unable for simulating underdeposit in a pipe, therefore in this 
present work tube-shaped corrosion coupons are employed to simulate corrosion in a pipe. 
Figure 2 shows experimental setup for a corrosion coupon test using copper and aluminium 
tubes to simulate inhomogeneous pipeline corrosion exposure to highly concentrated salt 
solutions with and without deposits presence. As shown in Figure 2, tubes were cut into 
5cm lengths and cross cut into two half tubes. Commercial copper tube containing 95% of 
copper and 5% of phosphorus and zinc (Metal Manufactures, Australia) and commercial 
aluminium pipes containing 99% aluminium (Capral Aluminium Ltd. Australia) were 
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Figure 1: Underdeposit corrosion testing setup using a WBE (Tan 2011 ). 
used to make pipe-shaped corrosion coupons in this work. The interior surface of each 
tube was abraded with 800 grit sand-papers and washed by milli-Q water and ethanol. 
The exterior side of the tube surfaces were glued to a partitioned plastic containers by 
water proof glue (All the sections were connected). The plastic containers had a volume 
of 1 litre and were filled with testing solutions. The containers were covered by a plastic 
cover to control evaporation and exposed to ambient temperatures. High concentrations 
and saturated sodium chloride (NaCl) solutions were used in this test. The residue on 
coupons surface forms when the concentration of NaCl was above the solubility limit 
approximately 6.12M at ambient temperature) . Analytical grade NaCl was used to 
grepare testing solutions. 
other method used in this experiment involved the use of copper and aluminium 
ire beam electrodes (WBE). The experimental setup is similar to the underdeposit 
corrosion testing shown in Figure 1. The WBE surface had a total work area of 2.25 cm2 
ana uses 100 copper and aluminium wires. The preparation procedures of WBE test 
a_ve already been described in reference 9. The WBE head was sealed to the bottom of a 
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Figure 2: Experimental setup for corrosion testing using tube-shaped coupons (Hou 2013) . 
container. The WBE surface was washed with ethanol before salt residue was placed on 
the WBE to cover part of its working surface (Figure 3 and 4). When localized corrosion 
occurs, there are galvanic currents flowing among the wires in the WBE. Galvanic currents 
flowing between each wire and the short-circuited WBE system were measured by 
connecting an automatic zero resistance ammeter (GillAC, ACM Instruments, England) 
between each chosen individual wire terminal and all other terminals (shorted together). 
This connection was done using the computer controlled automatic switch device (custom-
made). Each current map takes about 15 minutes to measure, by scanning from wire 1 to 
wire 100 using the autoswitch. Galvanic current measurements were performed regularly 
and such measurements should not interrupt the corrosion processes. Raw galvanic 
current data were transferred to analysis software written under Mathcad environment 
(Mathcad Professional &, MathSoft, Inc., Massachusetts, USA) for producing maps 
namely WBE galvanic current distribution maps. More details on the WBE measurement 
procedure can be found in references (Tan 2011, Hou 2013). 
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4. RESULTS AND DISCUSSION 
Figure 3 shows typical WBE current distribution maps together with photos and SEM 
images taken from typical areas of corroded copper corrosion coupons after being exposed 
to 2M NaCl solutions. As shown in the photo of the corroded tube coupon surface in Figure 
3, copper corrosion in this high concentration NaCl solution was mainly in general form. 
Characteristics observable in the WBE maps shown in Figure 3 include, (i) the galvanic 
current density values are very small (in the order of 10-4 mA/ cm2). This indicates that in 
the 2M NaCl solution copper corrosion was slow. (ii) Corrosion anodic sites (with positive 
current values) were randomly distributed over the WBE surface, and their locations 
changed with time. This suggests that copper corrosion in the solution was in general form 
(Tan 2012). These results are in good agreement with general corrosion shown in the photo 
and SEM images. 
When the solution was saturated with NaCl and with salt residues deposited on the 
coupon and WBE surfaces, as shown in Figure 4, copper corrosion appears to become 
more localised although the galvanic current density values remained very small (in the 
order of 10-4 mA/ cm2). Indeed dark corrosion products are visible over some areas of the 
corroded coupon surface, which appears to be related to the local anodes observable in 
the WBE maps shown in Figure 4. These results suggest that copper corrosion in saturated 
NaCl solution with salt residues present was slow, but became more localised. 
Figure 5 shows typical WBE current distribution maps together with photos and SEM 
images taken from typical areas of corroded aluminum corrosion coupons exposed to 2M 
NaCl solutions. It can be seen that aluminium corrosion occurred much faster than copper 
with larger galvanic current density values in the order of 10-3 mA/ cm2• An important 
characteristic observable in Figure 5 is that some of the major corrosion anodic sites (with 
positive current values) were fixed at certain locations over the WBE surface without 
changing with the time. This suggests that aluminium corrosion in the solution was in 
localised form (Tan 2012). These results are in good agreement with pitting corrosion shown 
in the photo and SEM images. 
When the solution was saturated with NaCl with salt residues deposited on the aluminium 
coupon and WBE surfaces, as shown in Figure 6, corrosion appears to become highly 
localised and the galvanic current density values increased significantly (in the order of 10-
2 mA/ cm2). These WBE maps indicate that serious corrosion occurred at small anodic areas 
that are under the salt deposits. Indeed deep pits are visible on the photo and SEM images 
taken from typical areas of the corroded coupon surface, which appears to be related to the 
local anodes observable in the WBE maps shown in Figure 6. 
Weight-loss analysis of the corroded copper and aluminium coupons has also been carried 
out by removing corrosion products on coupon surfaces. After being immersed in 2M 
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Figure 3: The WBE maps, corrosion photos and SEM images taken from typical areas of corroded copper 
corrosion coupons exposed to 2M NaCl solutions. 
.. , 
-!'> 
0 
0 
Vi 
Cl 
~ g. 
;:; 
"' 0 
t"rJ ;:; 
~ 
:::;· 
Cl 
;:; 
2l 
(0 
;:; 
§. 
g 
2-
~ ;:; 
°" (0 
"' s. 
Cl 
.,.. 
o'.Q 
;:;-
._, 
;:; 
;:; 
Cl 
~ 
!2. 
a· 
;:; 
"' s· 
;>;:, 
(0 
"' (0 
I:) 
;:; 
;:;-
-iw.1f' -11.tl' 10·• 
-1-Qi'• IO-d -l~, 1o" ' 
WBE map after 3 days test WBE map after 4 days test WBE map after : days test WBE map after days test 
.4 
- H.>.Sx:U 
-(i ll ~ H- d 
Figure 4: The WBE maps, corrosion photos and SEM images taken from typical areas of a corroded copper corrosion 
coupon and WBE exposed to saturated NaCl solutions with solid salt deposit covering parts 
of the WBE and tube-shaped coupon. 
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Figure 6.:The WBE maps, corrosion photos and SEM images taken from typical areas of a corroded aluminium corrosion 
coupon and WBE exposed to saturated NaCl solutions with solid salt deposit covering parts of the 
WBE and tube-shaped coupon. 
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Figure 7: EDS analysis of corrosion products over various sites on corroded 
copper and aluminium coupon surfaces. 
and saturated NaCl solutions for 24 days, the copper coupons lost 0.4% and 0.1 % of 
weight respectively. After being immersed in 2M and saturated NaCl solutions over the 
same period, aluminum coupons actually gained 1.58% and 0.4% of weight respectively. 
This could be due to the fact that aluminum corrosion was mainly in highly localized 
pitting form and the corrosion product tightly adhered to the corroded surface, leading to 
weight gain. These results illustrate difficulties in weigh t-loss tests when corrosion is highly 
localised . 
Corrosion reactions on copper and aluminium coupons can be further understood using 
surface analytical techniques including XRD, SEM and EDS. Figure 7 shows EDS records 
of elements and compositions on certain typical areas of corroded copper and aluminium 
coupon surfaces. The large variations in element compositions over both corroded copper 
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and aluminium surfaces suggest localised nature of chemical and electrochemical reactions 
occurred on these metal surfaces. 
5. CONCLUSIONS 
Copper corrosion is mainly in general form in high concentration 2M NaCl solutions, 
with corrosion products distributing over the whole metal surface. In saturated NaCl 
solutions with solid salt deposit present, copper corrosion appears to be more localised. 
Aluminium corrosion in high concentration and saturated NaCl solutions is in highly 
localised form, mainly in the form of pitting. This work demonstrates that the WBE is a 
useful technique for monitoring and understanding the behavior and mechanism of 
localised corrosion in aggressive water distribution systems. 
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